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57 ABSTRACT

The present invention provides a technique for performing
write operations within a memory device comprising an array
of memory cells. Wordline driver circuitry is used to assert a
wordline signal to activate an addressed memory cell in the
array. Write driver circuitry is used to perform a write opera-
tion to write a data value into the addressed memory cell, and
is responsive to assertion of a write assist enable signal during
the write operation to implement a write assist mechanism.
Further, control circuitry is used to control timing of assertion
of'the wordline signal in dependence on timing of assertion of
the write assist enable signal. By making the timing of asser-
tion of the wordline signal dependent on the timing at which
the write assist enable signal is asserted, it has been found that
writeability of the memory cells is significantly improved.
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1
MEMORY DEVICE AND METHOD OF
PERFORMING A WRITE OPERATION IN A
MEMORY DEVICE

BACKGROUND

The present invention relates to a memory device and to a
method of performing a write operation in such a memory
device.

When performing write operations in modern memory
devices, it is becoming more and more common to use write
assist mechanisms in order to improve the writeability of the
memory cells being written to. Many of the known write
assist techniques involve applying boost voltages either
greater than the normal supply voltage, or below the normal
ground voltage. One particular approach is the negative bit-
line boost (NBLB) approach, which is typically a capacitive
based approach, and is regarded as one of the most effective
ways of boosting writeability of a memory cell.

In modern memory devices, it is also common to use a
different voltage supply for the memory cells within the
memory array than the voltage supply that is used for much of
the associated access circuitry used to perform write opera-
tions and read operations within the memory cells of the
memory array. In particular, the memory cells of the memory
array may be powered by a cell voltage supply (VDDCE),
whilst much of the remaining access circuitry is operated
from a peripheral voltage supply (VDDPE). By taking such
an approach, it is possible to save significant power, since for
example the peripheral voltage supply can be turned off
whilst the memory is in a retention state. In order to reduce
leakage current, it is desirable to place much of the access
logic within the peripheral voltage domain, and accordingly it
is common for the components used to implement the write
assist mechanism to be operated from the peripheral voltage
domain.

It is typically the case that when high performance is not
required, the peripheral voltage supply can be reduced to a
level below that of the cell voltage supply, thereby enabling
significant power consumption benefits to be realised. How-
ever, as the difference between the peripheral voltage supply
and the cell voltage supply becomes larger, this can signifi-
cantly adversely reduce the effect of the write assist mecha-
nism due to that write assist mechanism operating from the
peripheral voltage supply. As a particular example, consider-
ing a capacitive based negative bitline boost mechanism, the
capacitive boost is dependent on the peripheral voltage sup-
ply, and accordingly as the peripheral voltage supply is
reduced, the amount of the boosting effect is reduced. This
can lead to a significant reduction in the writeability of the
memory cells even in memory devices that incorporate write
assist mechanisms. Accordingly, it would be desirable to
improve the writeability of memory cells.

SUMMARY

Viewed from a first aspect, there is provided a memory
device comprising: an array of memory cells; wordline driver
circuitry to assert a wordline signal to activate an addressed
memory cell in the array; write driver circuitry to perform a
write operation to write a data value into the addressed
memory cell, and responsive to assertion of a write assist
enable signal during the write operation to implement a write
assist mechanism; and control circuitry to control timing of
assertion of the wordline signal in dependence on timing of
assertion of the write assist enable signal.
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Viewed from a second aspect, there is provided a method of
performing a write operation within a memory device having
an array of memory cells, comprising: employing wordline
driver circuitry to assert a wordline signal to activate an
addressed memory cell in the array; performing the write
operation to write a data value into the addressed memory
cell, and responsive to assertion of a write assist enable signal
during the write operation to implement a write assist mecha-
nism; and controlling timing of assertion of the wordline
signal in dependence on timing of assertion of the write assist
enable signal.

Viewed from a third aspect, there is provided a memory
device comprising: an array of memory cell means; wordline
driver means for asserting a wordline signal to activate an
addressed memory cell means in the array; write driver means
for performing a write operation to write a data value into the
addressed memory cell means and, responsive to assertion of
a write assist enable signal during the write operation, for
implementing a write assist mechanism; and control means
for controlling timing of assertion of the wordline signal in
dependence on timing of assertion of the write assist enable
signal.

Viewed from a fourth aspect, there is provided a non-
transitory computer program storage medium storing a
memory compiler computer program for controlling a com-
puter to generate an instance of a memory device from a
memory architecture associated with the memory compiler
computer program, the memory architecture specifying a
definition of circuit elements and data defining rules for com-
bining those circuit elements, such that said instance gener-
ated specifies a memory device in accordance with the above
mentioned first aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

The present technique will be described further, by way of
example only, with reference to embodiments thereof as illus-
trated in the accompanying drawings, in which:

FIG. 1 schematically illustrates a memory device in which
the techniques of the described embodiments may be
employed;

FIG. 2 is a block diagram schematically illustrating the
logical arrangement of a memory device in accordance with
one embodiment;

FIG. 3 schematically illustrates how a write operation is
performed in respect of an addressed memory cell within a
particular column of the memory array in accordance with
one embodiment;

FIG. 4A is a timing diagram illustrating issues that can
arise when not adopting the delayed wordline assertion tech-
nique of the described embodiments;

FIG. 4B is a timing diagram illustrating how the delayed
wordline assertion technique of the described embodiments
improves the writeability of the addressed memory cell;

FIG. 4C illustrates how the wordline pulse width can be
reduced when adopting the delayed wordline assertion tech-
nique of the described embodiments;

FIG. 5 is a diagram illustrating how the assertion of the
wordline is delayed in accordance with one embodiment;

FIG. 6 is adiagram schematically illustrating how the write
assist circuitry implements a capacitive bitline boost in
response to an asserted write assist enable signal in accor-
dance with one embodiment;

FIG. 7A schematically illustrates a split memory array
approach in accordance with one embodiment;
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FIG. 7B is a block diagram illustrating how the assertion of
the wordline may be delayed in one embodiment employing
the split memory array approach of FIG. 7A;

FIG. 8 is a flow diagram illustrating the operation of the
memory device when performing a write operation in accor-
dance with one embodiment;

FIG. 9 is a diagram schematically illustrating the operation
of'a memory compiler to generate a memory instance includ-
ing wordline delay circuitry of the described embodiments;
and

FIG. 10 is a diagram of a computer system on which a
memory compiler operation may be performed to generate a
memory instance conforming to the above described embodi-
ments.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Before discussing the embodiments with reference to the
accompanying figures, the following description of embodi-
ments and associated advantages is provided.

In accordance with one embodiment, whilst the write
driver circuitry is performing a write operation, the wordline
signal used to activate an addressed memory cell for the write
operation is not initially asserted. Instead, the write operation
implements a write assist mechanism which is activated at a
certain point during the performance of the write operation in
response to assertion of a write assist enable signal. The
control circuitry is then used to control the timing of assertion
of the wordline signal in dependence on the timing of asser-
tion of the write assist enable signal. By such an approach, it
has been found that certain effects that would otherwise com-
promise the effective performance of the write operation are
avoided, improving the writeability of the addressed memory
cell. Further, it has been found that even though the wordline
signal is then asserted later than it would previously have been
asserted in accordance with known techniques, this does not
adversely affect the performance of write operations, since at
the time the wordline signal is asserted the write operation can
then be completed quickly.

In one embodiment, the control circuitry is arranged to
assert the wordline signal on or after the write assist enable
signal is asserted. Even though in such embodiments the
wordline signal is not asserted until a relatively late stage in
the performance of the write operation, it has been found that
the absence of asserting the wordline signal earlier during the
write operation leads to improved writeability, and accord-
ingly the write operation can then be completed very quickly
after the write assist mechanism has been activated and the
wordline signal has been asserted. Hence, the technique can
be implemented without any adverse effect on the perfor-
mance of the write operations, whilst the writeability of the
memory cells is increased.

The write assist mechanism can take a variety of forms.
However, in one embodiment, the addressed memory cell is
connected to at least one bitline, the write driver circuitry
performs the write operation by controlling a voltage on the at
least one bitline, and the write assist mechanism is a bitline
boosting mechanism.

In one embodiment, the addressed memory cell is con-
nected to a pair of bitlines, and the write driver circuitry
comprises writing circuitry to drive a voltage on one of the
bitlines in the pair froma first voltage level to a second voltage
level during the writing operation and write assist circuitry
responsive to the write assist enable signal to implement the
bitline boosting mechanism to drive the voltage on said one of
the bitlines beyond the second voltage level so as to increase
a voltage difference between the voltage level on said one of
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the bitlines and said first voltage level. Hence, the aim of the
bitline boosting mechanism is to increase the differential
between the voltage level on the two bitlines in order to
improve writeability.

In one embodiment, the first voltage level is a precharge
voltage level to which both bitlines in the pair are precharged
prior to the write operation.

In one embodiment, the control circuitry comprises write
assist enable signal generation circuitry to time assertion of
the write assist enable signal so as to ensure that the writing
circuitry will have caused the voltage on said one of the
bitlines in the pair to have reached the second voltage level
before the write assist enable signal is asserted. Such an
approach maximises the benefit of the write assist mecha-
nism, since no part of the additional boost is wasted in com-
pleting the transition to the second voltage level, and all of the
boost can be used to transition the voltage beyond the second
voltage level.

The write assist enable generation circuitry can be config-
ured in a variety of ways, but in one embodiment comprises
dummy bitline circuitry to introduce a delay in the assertion
of the write assist enable signal to take account of the time
taken for the writing circuitry to drive the voltage on said one
of'the bitlines from the first voltage level to the second voltage
level. This enables the timing of the generation of the write
assist enable signal to track with the memory array height. In
particular, the larger the memory array size, and in particular
the larger the number of memory cells connected to each pair
of bitlines, the longer it will take for the writing circuitry to
transition the voltage on one of the bitlines to the second
voltage level during the write operation. However, through
the use of dummy bitline circuitry which mimics the loading
of'the bitline in the real memory array, the delay introduced in
asserting the write assist enable signal will take account of the
memory array size.

In one embodiment, the control circuitry asserts the word-
line signal on or after the write assist enable signal is asserted,
thereby ensuring that the addressed memory cell is not acti-
vated before the writing circuitry has caused the voltage on
said one of the bitlines in the pair to have reached the second
voltage level. This significantly improves writeability, since it
has been found that if the wordline is asserted whilst the
writing circuitry is seeking to drive the voltage on the bitline
to the second voltage level, components within the activated
addressed memory cell will inhibit the action of the write
circuitry. This will at the very least increase the time taken to
transition the voltage to the second voltage level, and in some
instances will actually prevent the writing circuitry being able
to transition the voltage fully to the second voltage level. By
delaying assertion of the wordline signal until after the writ-
ing circuitry has transitioned the voltage to the second voltage
level, this then increases the effectiveness of the subsequent
write assist mechanism by avoiding any part of that boost
being effectively lost in completing the transition of the rel-
evant bitline to the second voltage level.

Additionally, it has been found that by deferring assertion
of'the wordline signal until on or after the write assist enable
signal is asserted, this prevents any parasitic read occurring in
respect of the other bitline connected to the addressed
memory cell. In particular, once the addressed memory cell
has been activated, then the value stored in the bit cell prior to
the write being completed may cause the voltage on the other
bitline to begin to transition (in the same manner as would be
expected if instead a read operation were being performed),
and that would reduce the differential between the voltage on
the two bitlines, hence reducing the writeability of the cell. By
deferring assertion of the wordline signal until on or after the
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write assist enable signal is asserted, this prevents such a
parasitic read effect from occurring whilst the writing cir-
cuitry is driving the voltage on one of the bitlines to the
second voltage level.

There are a number of ways in which the control circuitry
can be arranged to ensure that the wordline signal is not
asserted until on or after the write assist enable signal is
asserted. In one embodiment, the write assist enable signal
generation circuitry is arranged to issue a delay control signal
that is used to gate assertion of the wordline signal by the
wordline driver circuitry until on or after the write assist
enable signal is asserted.

In one embodiment, the delay control signal can be pro-
vided directly to the wordline driver circuitry, but in an alter-
native embodiment it can be used to gate another signal issued
by the control circuitry to the wordline driver circuitry, to
effectively delay the transmission of that signal to the word-
line driver circuitry until the write assist enable signal is to be
asserted, thereby causing assertion of the wordline signal to
be delayed.

In one particular embodiment, the array of memory cells is
partitioned into at least two portions that can be activated
independently in accordance with a mask signal received by
the wordline driver circuitry, and the delay control signal
from the write assist enable signal generation circuitry is used
to delay propagation of the mask signal to the wordline driver
circuitry in order to prevent assertion of the wordline signal
until on or after the write assist enable signal is asserted. By
such an approach, the wordline driver circuitry does not
require modifying in order to incorporate the above described
technique, and instead all that is required is some minor
modification to the control circuitry in order to defer trans-
mission of one of the control signals to the wordline driver
circuitry.

In one embodiment, the array of memory cells operate
from a first supply voltage and the write driver circuitry
operates from a second supply voltage, in at least some oper-
ating modes the second supply voltage being lower than the
first supply voltage. The above described techniques are par-
ticularly beneficial in situations where the second supply
voltage is lower than the first supply voltage, since it is those
situations that the effectiveness of traditional write assist
mechanisms tends to be compromised, due to the write assist
mechanisms operating from the second supply voltage. By
using the above described techniques, then even though the
write assist mechanism continues to operate from the second
supply voltage, significantly improved writeability of the
memory cells can be achieved.

The bitline boosting mechanism can take a variety of
forms. In one embodiment, the bitline boosting mechanism is
a capacitive based bitline boosting mechanism employing a
capacitive element coupled between said one of the bitlines
and an input whose voltage is changed following assertion of
the write assist enable signal, in order to drive the voltage on
said one of the bitlines beyond the second voltage.

Whilst the direction in which the voltage is boosted by the
bitline boosting mechanism can vary dependent on embodi-
ment, in one particular embodiment the first voltage level is a
supply voltage level, the second voltage level is a ground
voltage level, and the bitline boosting mechanism is a nega-
tive bitline boosting mechanism to drive the voltage on said
one of the bitlines to a negative voltage level in response to the
write assist enable signal being asserted.

Particular embodiments will now be described with refer-
ence to the figures.

FIG. 1 is a block diagram schematically illustrating a
memory device 10 in accordance with one embodiment. The
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memory device comprises an array of memory cells (also
referred to herein as bit cells) 20 which is coupled with access
circuitry 30 to enable read and write operations to be per-
formed in respect of the bit cells. A cell voltage supply
VDDCE is provided to the array of bit cells, whilst a periph-
eral voltage supply VDDPE is provided to the access circuitry
30. Both the access circuitry and the bit cells also have a
ground connection. Whilst for simplicity in FIG. 1 all of the
access circuitry associated with the bit cells is shown as
connected to the peripheral voltage supply VDDPE, it will be
understood that in some embodiments a certain amount of the
access circuitry will actually be connected to the cell voltage
supply VDDCE. For example, it is common for the wordline
drivers used to activate addressed memory cells during read
and write operations to be powered by the cell voltage supply
VDDCE. Nevertheless, it is desirable to power as much as
possible of the access circuitry from the peripheral voltage
supply VDDPE, since in various modes of operation it will be
possible to lower the peripheral voltage supply relative to the
cell voltage supply, and accordingly significantly reduce
power consumption. It is also possible in a state retention
mode of operation to remove the peripheral voltage supply
altogether, hence removing leakage current that might other-
wise be associated with the access circuitry components that
are connected to the peripheral voltage supply.

It is becoming more and more common for the peripheral
voltage supply to be set lower than the cell voltage supply and
this can give rise to some issues when performing access
operations in respect of the bit cells. For example, when
considering the performance of write operations in respect of
the bit cells, as the process geometries used to construct the
memory device reduce, the stability of the individual bit cells
making up the memory device is reduced. Further, the write-
ability of those bit cells can be reduced, and it is known to
provide write assist mechanisms that are invoked during the
performance of a write operation to seek to improve the
writeability of the bit cells. Typically the components form-
ing the write assist mechanism will be provided within access
circuitry components connected to the peripheral voltage
supply. As the peripheral voltage supply is reduced relative to
the cell voltage supply, then the larger the voltage difference
between the two voltage supplies, the more this impacts the
effectiveness of the write assist mechanism. For example,
considering the particular example where the write assist
mechanism takes the form of a capacitive based negative
bitline boost (NBLB) mechanism, the assist related capaci-
tance components are typically operated using the peripheral
voltage supply and hence the strength of the boost that can be
applied is reduced as the peripheral voltage supply reduces.

Further, when the addressed memory cells are connected to
the bitlines during a write operation, since the internal tran-
sistors within the bit cells are driven from the higher cell
voltage supply VDDCE, then the action of the transistors
within the bit cells can inhibit the actions seeking to be per-
formed by the write driver circuitry. For example considering
the above situation where a negative bitline boost mechanism
is used then, prior to the boost mechanism being invoked,
writing circuitry within the write driver circuitry will be seek-
ing to pull one of the bitlines connected to an addressed
memory cell down to a ground voltage (representing a logic
zero value). However, pull up components within the
addressed memory cell may fight against the action of the
writing circuitry, which may result in the voltage not being
pulled down fully to the ground potential. This limits the
effectiveness of the subsequent boost mechanism, since at
least part of the boost applied is required to pull the voltage
down to the ground potential, hence reducing the amount of
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any negative boost applied. This can significantly reduce the
effectiveness of the write assist mechanism and in some
instances, particularly where the relative voltage difference
between the peripheral voltage supply and the cell voltage
supply becomes larger, this can result in the memory cells not
being able to be written to correctly.

As will be discussed further herein, the described embodi-
ments provide a mechanism for delaying assertion of the
wordline so that the assertion of the wordline is timed in
dependence on the timing of a write assist enable signal used
to invoke the write assist mechanism. This has been found to
prevent certain effects arising during the write operation
which can adversely affect the writeability of the addressed
memory cell by deferring the point at which the addressed
memory cell is actually activated in order to connect it to the
bitlines. Further, it has been found that despite this delayed
assertion of the wordline, the overall speed of the write opera-
tion is not adversely affected, since at the time the wordline is
asserted, the differential on the bitlines is sufficient to enable
the write to proceed very quickly.

FIG. 2 is a diagram schematically illustrating a logical
arrangement of a memory device in accordance with one
embodiment. In particular, the memory device 100 includes a
memory array 105 comprising an array of memory cells
arranged in a plurality of rows and columns. A plurality of
wordlines 107 are provided through the array in order to allow
individual rows of addressed memory cells to be activated by
the wordline drivers 130 during write and read operations. In
addition, a plurality of bitlines 109 are provided in association
with the columns of memory cells. Each column is coupled to
the relevant bitlines to enable data to be written into an acti-
vated addressed memory cell of the column during a write
operation, and for data to be read from an activated addressed
memory cell of the column during a read operation.

Precharge circuitry 115 is used to precharge the voltage
level on the bitlines under the control of control circuitry 110.
Following the precharge operation, a write operation or read
operation can be performed. For a write operation, the control
circuitry 110 will issue one or more control signals to the
wordline drivers 130 in order to cause a particular row of
addressed memory cells to be activated via the associated
wordline, and the control circuitry 110 will further cause the
write driver circuitry 125 to control the voltages on the rel-
evant bitline pairs, in order to cause the required data values to
be written into the memory cells of the activated row. For a
read operation, again the control circuitry 110 will issue one
or more control signals to the wordline drivers 130 in order to
cause a particular row of addressed memory cells to be acti-
vated via the appropriate wordline, and the sense amplifier
circuitry 120 will then be used in order to evaluate the volt-
ages on the relevant bitlines, with the sensed read data then
being returned to the control circuitry 110.

The write driver circuitry 125 includes a write assist
mechanism which is invoked during the performance of the
write operation in response to an asserted write enable signal
(WA_EN signal) issued by the control circuitry 110. Further,
as will be described in more detail below, wordline delay
circuitry 140 is provided which is arranged to ensure that the
relevant wordline signal is not asserted by the wordline driv-
ers 130 in order to activate the addressed memory cells until
around the time the write assist enable signal is asserted. In
one particular embodiment, the mechanism ensures that the
wordline signal is asserted either substantially simulta-
neously with the write assist enable signal, or shortly follow-
ing the write assist enable signal. Whilst in FIG. 2 the word-
line delay circuitry 140 is shown as part of the control
circuitry 110, in certain embodiments at least some of the
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components forming the wordline delay circuitry 140 may be
provided within the wordline driver block 130.

Whilst FIG. 2 is intended to logically illustrate the arrange-
ment of the memory device, it will be appreciated that it is not
intended to provide an indication of the structural arrange-
ment. For example, components such as the sense amplifier
circuitry 120 and the precharge circuitry 115 may actually be
embedded within blocks forming the memory array.

FIG. 3 is a diagram illustrating a column of memory cells
200, 205, 210 within the memory array 105, the column of
memory cells being coupled to the pair of bitlines 215, 220.
Each of the memory cells is coupled to an associated wordline
225, 230, 235, and when the wordline associated with one of
the memory cells is asserted, this causes the memory cell to be
connected to the corresponding bitlines. The detail of the
memory cell 200 is shown, in this example it being assumed
that the memory cell is a 6T SRAM cell. As shown, when the
wordline signal is asserted on path 225, this turns on the pass
gates 240, 245 and connects the storage element within the
memory cell to the corresponding bitlines 215, 220. During
any particular read or write operation, only one of the memory
cells in the column will be activated in this manner, and then
the voltages that develop on the bitlines can be sensed during
aread operation, or the voltages on the bitline can be manipu-
lated so as to perform a write operation. The storage element
within the memory cell comprises two PMOS transistors 250,
260 and two NMOS transistors 255, 265. It will be appreci-
ated that the arrangement of these transistors will ensure that
the data value is determined by the values held at the two
storage nodes 252, 254, one of those storage nodes being at a
voltage representing a logic one value, and one of the storage
nodes being at a voltage representing a logic zero value.

As shown in FIG. 3, precharge circuitry in the form of the
precharge transistors 290, 292 is used to precharge the voltage
on the bitlines 215, 220 to the cell voltage supply level
VDDCE prior to the performance of either a read operation or
a write operation. FIG. 3 then illustrates the components
provided within the write driver circuitry in order to perform
a write operation on an addressed memory cell within the
column. In particular, writing circuitry 270 receives a write
data (WD) value indicating the data value to be written into
the addressed memory cell, and on receipt of an asserted write
enable (WEN) signal evaluates the write data in order to
determine the data value to be written into the addressed
memory cell. It then determines which one of the pair of
bitlines needs to be pulled down to a logic zero value in order
to write the data value into the addressed memory cell and
then issues suitable control signals to the NMOS transistors
272, 274, turning one of the NMOS transistors on in order to
begin to discharge the relevant bitline towards the ground
voltage. The write assist circuitry 280 is then provided to
improve the writeability of the memory cell by seeking to
boost the bitline that has been discharged to the ground poten-
tial so that its voltage goes slightly negative, hence increasing
the differential between the voltage on that bitline and the
other bitline. In particular, on receipt of a write assist enable
signal, the write assist circuitry 280 issues appropriate control
signals to the NMOS transistors 284, 286 in order to couple
the bitline that is being discharged to the capacitor 282. At the
other side of the capacitor, the voltage is then discharged from
the peripheral voltage supply towards ground. Since the other
side of the capacitor is connected to the bitline which has been
discharged to the ground potential, this causes the voltage on
that bitline to transition negative.

FIG. 4A is a timing diagram illustrating some problems
that can arise when the wordline for the addressed memory
cell is asserted in accordance with typical prior art arrange-
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ments, substantially at the same time as the write enable
signal is issued to the writing circuitry. In particular, as shown
in FIG. 4A, the write enable signal is asserted at point 300,
and the wordline is asserted substantially simultaneously at
point 310, hence activating the addressed memory cell in
order to couple that memory cell to both bitlines. For the
purposes of the following discussion, it will be assumed that
the memory cell 200 is the addressed memory cell, that the
internal node 252 is initially at a logic zero value, the internal
node 254 is initially at a logic one value, and the data to be
written into the memory cell requires that internal state to be
flipped. As a result, the writing circuitry 270 will turn on the
transistor 274, in order to begin to pull the bitline 220 towards
the ground potential, as indicated by the transition 305 in FI1G.
4A. However, since the wordline on path 225 has been
asserted, and accordingly the internal node 254 is now con-
nected to the bitline 220, the action of the pull-up PMOS
transistor 260 will fight against the action of the writing
circuitry, creating a DC path from the cell power supply
VDDCE to ground. As shown in FIG. 4A, this prevents the
voltage on the bitline 220 being pulled fully to ground during
the operation of the writing circuitry, and in the particular
example shown the voltage will be between 30 and 70 milli-
volts (mV) at the time the write enable signal is de-asserted at
point 320. The write enable needs to be de-asserted prior to
the write assist enable signal being asserted, since otherwise
the negative boost seeking to be applied by the write assist
circuitry will be lost to ground through the transistor 274.

Accordingly, as shown in FIG. 4A, the write enable signal
is de-asserted at point 320, and then the write assist enable
signal is asserted substantially simultaneously at step 325.
This serves to apply a negative boost, as shown by the curve
330, but a significant proportion of that boost is actually
utilised in seeking to draw the bitline 220 to ground, thereby
significantly reducing the extent to which the bitline is pulled
to a negative voltage during the write assist operation. Fur-
ther, the pull-up effect through the PMOS transistor 260 will
further impact the effective boost applied. As mentioned ear-
lier, as the peripheral voltage supply reduces relative to the
cell voltage supply, this weakens the effectiveness of the
boost, and can further reduce the amount by which the voltage
on the bitline 220 is reduced during the write assist operation.
Indeed, in some situations it can still be the case that the
voltage has not been pulled negative by the time the write
assist mechanism has been performed.

Furthermore, as shown in FIG. 4A, due to the wordline
being asserted throughout this period, a parasitic read effect
can be observed on the other bitline (in this example the
bitline 215). In particular, as discussed earlier, it is assumed
that the initial value at the node 252 is a logic zero value.
Accordingly, when the wordline is asserted and node 252 is
connected to the bitline 215, the voltage on the bitline starts to
be drawn towards ground (by essentially the same mechanism
that occurs when performing a read operation), and this
causes a reduction in the voltage on the bitline 215, as shown
by the line 315 in FIG. 4A.

As a result, it can be seen that at the time the write assist
mechanism has been implemented, i.e. when the write assist
enable signal is de-asserted at point 335, the boost effect has
been significantly compromised, and in particular the desir-
able degree of separation between the voltage levels on the
two bitlines has not been achieved. In some instances, the
write operation may still successfully occur, as a result of
which the voltage on the bitline 215 will follow the trajectory
340 (i.e. be pulled back up to the VDDCE supply when the
internal state of the addressed memory cell flips), and the
voltage on the bitline 220 will settle at the logic zero value as
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shown by the trajectory 345. However, in other situations the
amount of separation will be insufficient to cause the state of
the memory cell to flip, and in that instance the voltage on the
bitline 215 follows the trajectory 350 and the voltage on the
bitline 220 follows the trajectory 355. As a result, the write
operation will not be performed, and accordingly at the time
the wordline is de-asserted at point 360, the write will have
failed.

FIG. 4B is an equivalent timing diagram, showing how
delaying assertion of the wordline signal significantly
improves writeability without impacting write performance.
At point 400, the write enable signal is asserted, and in a
similar way to that discussed with reference to FIG. 4A, this
causes the voltage on the bitline 220 to be discharged towards
ground, as shown by the line 405. Since at this point the
wordline has not been asserted, then the addressed memory
cell has not been activated, and is still decoupled from the
bitline. Accordingly, the earlier mentioned DC path is
avoided, and the writing circuitry 270, 274 is able to pull the
bitline down to the zero voltage by the time the write enable
signal is de-asserted at point 420. This means that when the
write assist enable signal is asserted at point 425, the entirety
of'the negative boost applied via the capacitor 282 can be used
to draw the bitline 220 to a negative voltage, as shown by the
line 440.

In accordance with the described embodiments, the asser-
tion of the wordline is made dependent on the assertion of the
write assist enable signal. In particular, the wordline is not
asserted until the write assist enable signal is asserted, and in
the embodiment shown in FIG. 4B is actually asserted
slightly after the write assist enable signal. As soon as the
wordline is asserted at point 430, this can give rise to the
beginning of a parasitic read effect on the bitline 215, as
shown by the slight perturbation 435. However, due to the
large separation that has been achieved between the two bit-
lines, this causes the activated addressed memory cell to flip
its state very quickly and hence the write happens before the
parasitic read has any appreciable effect (as shown by point
445). As hence shown the internal state of the addressed
memory cell flips almost immediately following assertion of
the wordline signal, and accordingly the bitline 215 remains
at the VDDCE level, and the voltage on the bitline 220 then
settles back to the logic zero value as now held at node 254
within the memory cell 200. The wordline can then be de-
asserted at point 450.

As will be apparent from a comparison of FIGS. 4A and
4B, in accordance with the technique described in FIG. 4B,
the wordline pulse can be made significantly shorter. Indeed,
this is shown schematically in FIG. 4C, where the wordline
pulse in FIG. 4A 480 is activated significantly ahead of the
wordline pulse 485 using the FIG. 4B approach. However,
since the duration of the wordline pulse required when adopt-
ing the technique illustrated with reference to F1G. 4B can be
relatively short, it is possible for the wordline to be de-as-
serted at a similar time to when the wordline pulse 480 would
be de-asserted, and accordingly the late activation of the
addressed memory cell does not affect the performance of the
write operation. Indeed, as shown by the dotted line 490, it is
actually possible in some embodiments for the wordline pulse
to be de-asserted earlier than it would otherwise have been
de-asserted, thereby giving rise to slight performance gains.
Accordingly it can be seen that by adopting the delayed
wordline assertion technique, not only can the writeability of
the memory cells be significantly enhanced, but also this can
be achieved without affecting write performance.

FIG. 5 is a diagram schematically illustrating how the
delayed assertion of the wordline can be achieved in accor-
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dance with one embodiment. The write assist enable circuitry
500 is provided within the control circuitry 110 and is used to
generate the write assist enable signal output over path 520 to
the write driver circuitry 125. In response to a global timing
pulse (GTP) transitioning from a logic zero value to a logic
one value, the write assist enable circuitry 500 causes the
write assist enable signal to be asserted at a logic one value
following a predetermined delay. In particular, the GTP is
passed through a series of inverters 505, 515, but also through
a dummy bitline delay circuit 510. The dummy bitline delay
circuit 510 is constructed so as to mimic the loading of an
actual bitline within the memory array, and accordingly is
configured to track with the memory array height (i.e. the
number of bit cells connected to a particular bitline). This
hence takes account of the time it will take for the writing
circuitry to pull the voltage on the bitline from the precharged
VDDCE level down to the ground level.

Additionally, as shown in FIG. 5, the output from the
dummy bitline delay circuitry is provided over path 525 as a
delay control signal used to qualify assertion of the wordline
signal by the wordline driver circuitry. In particular, the word-
line driver circuitry will include a wordline evaluation circuit
530 which is responsive to various control signals received
from the control circuitry to determine which wordline
should be asserted. That asserted wordline is output as an
internal asserted wordline signal to a wordline qualifying
circuit 535. As shown, when the delay control signal output
over path 525 transitions to a logic zero value, this will cause
the upper input to the AND gate 537 to be set to a logic one
value (dueto the inversion at the input), and accordingly when
the internal wordline signal is asserted (at a logic one level),
this will then cause the asserted wordline to be output over
path 545 to the memory array.

The AND gate 540 is provided as a mechanism to ensure
that assertion of the wordline is not delayed for read opera-
tions, but instead is only delayed for write operations. This
hence ensures that the performance of read operations (where
it is desired to have an early wordline assertion) is not
affected. In particular, as shown, the lower input to the AND
gate 540 is set to a logic one value for a write, hence ensuring
that the signal on line 525 is provided to the wordline quali-
fying circuit. Conversely, that lower input is set to a logic zero
value for a read, hence ensuring that the upper input to the
AND gate 535 is always at a logic one value during the read,
and accordingly when the wordline evaluation circuitry 530
asserts a wordline it is output immediately over path 545.

In the arrangement shown in FIG. 5, the wordline qualifier
circuit represents additional components that will typically
need to be provided within the wordline drivers 130 in order
to implement the wordline delay circuitry functionality. How-
ever, as will be described later with reference to FIGS. 7A and
7B, there are other embodiments where it is not necessary to
alter the wordline driver circuitry, and instead additional com-
ponents provided within the control circuitry can be used to
achieve the desired delay in the assertion of the wordline.

FIG. 6 schematically illustrates write assist circuitry pro-
vided within the write driver circuitry 125, and in particular
shows components used to control the negative boost applied
by the capacitive components of the write assist circuitry. In
this example, the write assist enable signal is passed through
a series of inverters 550, 552, 554, and as a result when the
write assist enable signal is asserted, the input to the capaci-
tive element 555 reduces from a voltage representing a logic
one value to a voltage representing a logic zero value. Assum-
ing the bitline 570 is already at a logic zero value, it will be
understood that this will hence drive the voltage negative on
the bitline.
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Optionally, one or more additional capacitive elements 565
can be provided which can be used to increase the strength of
the bitline boost dependent on a cap_size control signal. In
particular, when the cap_size signal is a set to a logic one
value, it will be appreciated that the operation of the NAND
gate 560 and the inverters 562, 564 ensures that the capacitive
element 565 also contributes to drawing the bitline to a nega-
tive voltage. Such an approach hence allows tuning of the
boost amount, for example to take account of process, voltage
and temperature (PVT) variations.

In some arrangements, the memory array may be parti-
tioned into multiple segments (or portions), as shown for
example in FIG. 7A where the memory array is formed by the
left hand segment 580 and the right hand segment 585. Mask
signals issued from the control circuitry to the wordline driv-
ers 590 can be used to determine which memory array seg-
ment is to be addressed by a particular read or write operation.
In one embodiment, the control circuitry can include word-
line delay circuitry in order to defer propagation of the rel-
evant mask signal to the wordline driver circuitry until the
write assist enable signal is asserted, thereby causing the
assertion of the wordline to be delayed without needing to
modify the wordline driver circuitry. In particular, the write
assist enable circuitry shown in FIG. 7B is as discussed earlier
in FIG. 5, and again results in the delay control signal being
output over path 525, that delay control signal transitioning
towards a logic zero value around the time the write assist
enable signal is to be asserted.

The wordline driver circuit 600 consists of a three input
NAND gate receiving a clock signal, a row select signal and
a mask value output from the control circuitry. Only when all
three inputs are set to a logic one value will a logic zero value
be output from the NAND gate and accordingly will the
wordline be asserted at a logic one value over path 620 (as a
result of the inverter 617).

Within the control circuitry, the AND gate 605 can be
provided so as to gate the propagation of the mask signal to
the wordline driver circuitry dependent on the delay control
signal from the write assist enable circuitry 500. The NAND
gate 610 serves a similar function to the AND gate 540 in FIG.
5, and in particular ensures that the delay only applies during
a write operation and not a read operation. In particular, the
control input to the NAND gate 610 is set to a logic one value
for a write, ensuring that the upper input to the AND gate 605
only transitions to a logic one value once the delay control
value transitions to a logic zero value, hence delaying propa-
gation of the mask signal to the wordline driver circuit 600.
However, for a read, the control input to the NAND gate 610
is set to a logic zero value, ensuring that the upper input to the
AND gate 605 is at a logic one value, hence avoiding any
delay in propagation of the mask signal to the wordline driver
circuit 600.

FIG. 8 is a flow diagram illustrating the steps performed in
order to implement a write operation in accordance with one
embodiment. At step 650, the write enable signal is asserted in
order to cause the writing circuitry 270 to pull one bitline
connected to an addressed memory cell towards ground. At
step 655, it is determined whether the dummy bitline delay
period has elapsed, this determination forming part of the
operation of the write assist enable circuitry 500. Once the
dummy bitline delay period has elapsed, it will be expected
that the voltage on the relevant bitline has been pulled to
ground, and thereafter, at step 660, the write assist enable
signal is asserted, and also the delay control signal is issued
from the write assist enable circuitry at a predetermined logic
level (i.e. at a logic zero value considering the examples of
FIGS. 5 and 7B).
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The assertion of the write assist enable signal will cause the
write assist mechanism to be invoked as discussed earlier. In
addition, the issuance of the delay control signal at the pre-
determined logic level will allow the wordline driver circuitry
to assert the wordline signal. Considering the particular
example of FIG. 7B, at step 665, the control circuitry will then
issue a mask signal in response to the issued delay control
signal, and at step 670 the wordline driver circuitry will then
assert the wordline for the addressed memory cell in response
to receipt of the asserted mask signal.

FIG. 9 schematically illustrates how a memory instance
including wordline delay circuitry in accordance with the
above described embodiments may be created from a
memory compiler 700 with reference to a memory architec-
ture 710. The memory architecture 710 specifies a definition
of circuit elements and data defining rules for combining
those circuit elements in order to create a memory instance.
Particular requirements for the memory instance are entered
into the memory compiler 700 as input parameters via a
graphical user interface (GUI). As will be appreciated by
those skilled in the art, such input parameters can specify
various aspects of the desired memory instance, for example
defining the size of the memory array, the multiplexing
arrangements of the memory array, selection of various
optional features such as power gating features, built-in-self-
test (BIST) modes to be supported, etc.

The memory compiler 700 then generates the required
memory instance based on the input parameters and the
memory architecture 710. In accordance with one embodi-
ment, the memory compiler includes the necessary compo-
nents to implement the wordline delay circuitry as described
with reference to the earlier figures.

FIG. 10 schematically illustrates a general purpose com-
puter 800 ofthe type that may be used to implement the above
described memory compilation operation in order to generate
a memory instance. The general purpose computer 800
includes a central processing unit 802, a random access
memory 804, a read only memory 806, a network interface
card 808, a hard disk drive 810, a display driver 812 and
monitor 814 and a user input/output circuit 816 with a key-
board 818 and mouse 820 all connected via a common bus
822. In operation the central processing unit 802 will execute
computer program instructions that may be stored in one or
more of the random access memory 804, the read only
memory 806 and the hard disk drive 810 or dynamically
downloaded via the network interface card 808. The results of
the processing performed may be displayed to a user via the
display driver 812 and the monitor 814. User inputs for con-
trolling the operation of the general purpose computer 800
may be received via the user input output circuit 816 from the
keyboard 818 or the mouse 820 (and hence for example the
input parameters used to determine certain properties of the
required memory instance can be entered via this mecha-
nism). It will be appreciated that the computer program could
be written in a variety of different computer languages. The
computer program may be stored and distributed on a record-
ing medium or dynamically downloaded to the general pur-
pose computer 800. When operating under control of an
appropriate computer program, the general purpose computer
800 can perform the above described memory compiler
operation and can be considered to form an apparatus for
performing the above described memory compiler operation.
The architecture of the general purpose computer 800 could
vary considerably and FIG. 10 is only one example.

In the present application, the words “configured to . . .
are used to mean that an element of an apparatus has a con-
figuration able to carry out the defined operation. In this
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context, a “configuration” means an arrangement or manner
of interconnection of hardware or software. For example, the
apparatus may have dedicated hardware which provides the
defined operation, or a processor or other processing device
may be programmed to perform the function. “Configured to”
does notimply that the apparatus element needs to be changed
in any way in order to provide the defined operation.

From the above described embodiments, it will be seen that
by controlling the timing of assertion of the wordline signal in
dependence on the timing of the write assist enable signal,
this allows the writeability of addressed memory cells to be
significantly improved. Furthermore, even though the asser-
tion of the wordline signal is delayed, it has been found that
this benefit can be achieved without adversely affecting the
performance of the memory device. By not having the word-
line asserted whilst the write enable signal is asserted, this
avoids any parasitic read on the bitline that is not being
discharged by the writing circuitry, which leads to lower
dynamic energy during the write operation. In addition, it
ensures that the writing circuitry can fully pull the voltage
down to ground, so that when the write assist mechanism is
subsequently invoked, it can be used to full effect to further
increase the differential between the voltage on the two bit-
lines. As discussed earlier, this means that when the wordline
is asserted, the write proceeds very quickly. As a result, a
shorter wordline pulse width is required, and this leads to
lower dynamic energy and lower stability failure probability
within the memory cells. It has been found that the approach
further reduces the potential stress on the bitline pass gates as
only the required boost amount will be present on the bitline
(once the cell flips the charge is instantly discharged through
the bit cell pull down component).

Further, the techniques of the described embodiments can
be implemented with very little additional circuitry, and
hence very little cost in terms of area.

Furthermore, since the write assist enable signal is
designed to track with the bit cell array height (in order to
ensure that the boost mechanism is triggered after the bitline
is fully discharged), and since the assertion of the wordline
signal is dependent on assertion of the write assist enable
signal, this ensures that the wordline delay minimally impacts
performance (since there will be less delay for smaller
memory instances and more delay for larger memory
instances).

Although illustrative embodiments of the invention have
been described in detail herein with reference to the accom-
panying drawings, it is to be understood that the invention is
not limited to those precise embodiments, and that various
changes, additions and modifications can be effected therein
by one skilled in the art without departing from the scope and
spirit of the invention as defined by the appended claims. For
example, various combinations of the features of the depen-
dent claims could be made with the features of the indepen-
dent claims without departing from the scope of the present
invention.

We claim:

1. A memory device comprising:

an array of memory cells;

wordline driver circuitry to assert a wordline signal to

activate an addressed memory cell in the array;

write driver circuitry to perform a write operation to write

a data value into the addressed memory cell, the write
driver circuitry being responsive to assertion of a write
enable signal to initiate performance of the write opera-
tion and being responsive to later assertion of a write
assist enable signal during the write operation to imple-
ment a write assist circuitry; and
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control circuitry to control timing of assertion of the word-
line signal in dependence on timing of the assertion of
the write assist enable signal.

2. A memory device as claimed in claim 1, wherein the
control circuitry is arranged to assert the wordline signal on or
after the write assist enable signal is asserted.

3. A memory device as claimed in claim 1, wherein:

the addressed memory cell is connected to at least one

bitline;

the write driver circuitry performs the write operation by

controlling a voltage on the at least one bitline; and
the write assist circuitry is a bitline boosting circuitry.

4. A memory device as claimed in claim 1, wherein the
array of memory cells operate from a first supply voltage and
the write driver circuitry operates from a second supply volt-
age, in at least some operating modes the second supply
voltage being lower than the first supply voltage.

5. A non-transitory computer program storage medium
storing a memory compiler computer program for controlling
a computer to generate an instance of a memory device from
a memory architecture associated with the memory compiler
computer program, the memory architecture specifying a
definition of circuit elements and data defining rules for com-
bining those circuit elements, such that said instance gener-
ated specifies a memory device as claimed in claim 1.

6. A memory device comprising:

an array of memory cells;

wordline driver circuitry to assert a wordline signal to

activate an addressed memory cell in the array;
write driver circuitry to perform a write operation to write
adata value into the addressed memory cell, and respon-
sive to assertion of a write assist enable signal during the
write operation to implement a write assist circuitry; and

control circuitry to control timing of assertion of the word-
line signal in dependence on timing of assertion of the
write assist enable signal;

wherein:

the addressed memory cell is connected to a pair of bitlines;

the write driver circuitry performs the write operation by

controlling a voltage on at least one of the bitlines;

the write assist circuitry is a bitline boosting circuitry; and

the write driver circuitry comprises writing circuitry to

drive a voltage on one of the bitlines in the pair from a
first voltage level to a second voltage level during the
writing operation and write assist circuitry responsive to
the write assist enable signal to implement the bitline
boosting circuitry to drive the voltage on said one of the
bitlines beyond the second voltage level so as to increase
a voltage difference between the voltage level on said
one of the bitlines and said first voltage level.

7. A memory device as claimed in claim 6, wherein said
first voltage level is a precharge voltage level to which both
bitlines in the pair are precharged prior to the write operation.

8. A memory device as claimed in claim 6, wherein the
control circuitry comprises write assist enable signal genera-
tion circuitry to time assertion of the write assist enable signal
s0 as to ensure that the writing circuitry will have caused the
voltage on said one of the bitlines in the pair to have reached
the second voltage level before the write assist enable signal
is asserted.
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9. A memory device as claimed in claim 8, wherein the
write assist enable generation circuitry comprises dummy
bitline circuitry to introduce a delay in the assertion of the
write assist enable signal to take account of the time taken for
the writing circuitry to drive the voltage on said one of the
bitlines from the first voltage level to the second voltage level.

10. A memory device as claimed in claim 8, wherein the
control circuitry asserts the wordline signal on or after the
write assist enable signal is asserted, thereby ensuring that the
addressed memory cell is not activated before the writing
circuitry has caused the voltage on said one of the bitlines in
the pair to have reached the second voltage level.

11. A memory device as claimed in claim 8, wherein the
control circuitry asserts the wordline signal on or after the
write assist enable signal is asserted, thereby preventing a
parasitic read in respect of the other bitline in the pair whilst
the writing circuitry is driving the voltage on said one of the
bitlines in the pair to the second voltage level.

12. A memory device as claimed in claim 8, wherein the
write assist enable signal generation circuitry is arranged to
issue a delay control signal that is used to gate assertion of the
wordline signal by the wordline driver circuitry until on or
after the write assist enable signal is asserted.

13. A memory device as claimed in claim 12, wherein the
array of memory cells is partitioned into at least two portions
that can be activated independently in accordance with a
mask signal received by the wordline driver circuitry, and the
delay control signal from the write assist enable signal gen-
eration circuitry is used to delay propagation of the mask
signal to the wordline driver circuitry in order to prevent
assertion of the wordline signal until on or after the write
assist enable signal is asserted.

14. A memory device as claimed in claim 6, wherein the
bitline boosting circuitry is a capacitive based bitline boosting
circuitry employing a capacitive element coupled between
said one of the bitlines and an input whose voltage is changed
following assertion of the write assist enable signal, in order
to drive the voltage on said one of the bitlines beyond the
second voltage.

15. A memory device as claimed in claim 6, wherein:

said first voltage level is a supply voltage level;

said second voltage level is a ground voltage level; and

said bitline boosting circuitry is a negative bitline boosting

circuitry to drive the voltage on said one of the bitlines to
a negative voltage level in response to the write assist
enable signal being asserted.

16. A method of performing a write operation within a
memory device having an array of memory cells, comprising:

employing wordline driver circuitry to assert a wordline

signal to activate an addressed memory cell in the array;
performing the write operation to write a data value into the
addressed memory cell, the write operation being initi-
ated responsive to assertion of a write enable signal;
responsive to later assertion of a write assist enable signal
during the write operation, implementing a write assist
circuitry; and
controlling timing of assertion of the wordline signal in
dependence on timing of the assertion of the write assist
enable signal.



